The accuracy of satellite altimetric measurements of sea level is limited in part by the influence of ocean waves on the altimeter signal reflected from the sea surface. The difference between the mean reflecting surface and mean sea level is the electromagnetic bias. The bias is poorly known, yet for such altimetric satellite missions as the Topography Experiment (TOPEX)/Poseidon it is the largest source of error exclusive of those resulting from calculation of the satellite's ephemeris. Previous observations of electromagnetic bias have had a large, apparently random scatter in the range of 1-5% of significant wave height; these observations are inconsistent with theoretical calculations of the bias. To obtain a better understanding of the bias, we have measured it directly using a 14-GHz scatterometer on the Chesapeake Bay Light Tower. We find that the bias is a quadratic function of significant wave height H1/3. The normalized bias/3, defined as the bias divided by the significant wave height, is strongly correlated with wind speed at 10 m, U•0, and much less strongly with significant wave height. The mean value for/3 is -0.034, and the standard deviation of the variability about the mean is -+0.0097. The standard deviation of the variability after removing the influence of wind and waves is -+0.0051 = 0.51%. The results are based on data collected over a 24-day period during the Synthetic Aperture Radar and X-Band Ocean Nonlinearities (SAXON) experiment from September 19 to October 12, 1988. During the experiment, hourly averaged values of wind speed ranged from 0.2 to 15.3 m/s, significant wave height ranged from 0.3 to 2.9 m, and air minus sea temperature ranged from -10.2 ø to 5.4øC. Because U10 can be calculated from the scattering cross section per unit area rr 0 of the sea measured by spaceborne altimeters, we investigated the usefulness of rr 0 for calculating bias. We find that/3 is strongly correlated with rr 0 and much less strongly with H•/3 . The standard deviation of the variability after removing the influence of the radio cross section and waves is -+0.0065 = 0.65%. The results indicate that electromagnetic bias in radar altimetry may be reduced to the level required by the TOPEX/Poseidon mission using only altimetric data. We find, furthermore, that the relationship between rr 0 and wind speed agrees with previously published power law relationships within the accuracy of the measurement. The mean value of/3, its variability, and the sensitivity of/3 to wind speed all agree well with previous measurements made using a 10-GHz radar carried on a low-flying aircraft. The mean value of/3, its variability, and the sensitivity to wind were all significantly larger than previous measurements made using a 39-GHz radar also carried on a low-flying aircraft. All experiments included a similar range of wind speeds and wave heights. The SAXON data were, however, much more extensive, and the statistical relationships correspondingly more significant. The mean value of/3 is very close to the mean value determined from global measurements of sea level made by Geosat.
INTRODUCTION
The next generation of oceanographic satellites promises to make accurate measurements of wind velocity and sea level using advanced spaceborne radars. The accuracy of the proposed new measurements will depend critically on the interpretation of the radar signals scattered from the sea surface. We know enough about radar scatter from the sea to proceed with the design of the radars and satellite systems, but important aspects of our understanding of radar scatter seem to be lacking. Consider the important example of radar altimetry for measuring sea level.
A spaceborne, radar-altimetric system measures sea level through a radar altimeter used for determining the height of a satellite above the sea and through tracking systems used for determining the height of the satellite above the center of the Earth, the difference in the two measurements being the sea level. While simple in principle, the measurement of sea level is difficult in practice because the measurements must have a precision and an accuracy of a few centimeters for Electromagnetic bias arises from a correlation between the reflectivity of the sea surface and the deviation of the sea surface from its mean value. For radio signals with wavelengths of a few centimeters the trough of a wave tends to be a slightly better reflector than the crest, and the mean reflecting surface is biased toward the wave's trough by an amount equal to a few percent of the wave's height.
Our present understanding of the electromagnetic bias is based on (1) direct observation of radar scatter at vertical incidence, (2) studies of the correlation between altimeter errors and sea state, and (3) application of the theory of radar scatter from rough surfaces using a statistical description of the distribution of waves on the sea surface.
Direct Observations of Electromagnetic Bias
Electromagnetic bias can be calculated from direct observations at vertical incidence of the radar reflectivity from a small area on the sea surface as a function of the deviation of the sea surface from mean sea level. The distribution of radar reflectivity as a function of deviation from mean sea level is then compared with the distribution of sea surface elevation [Jackson, 1979] . The difference in the mean of the two distributions is the electromagnetic bias. The first study of electromagnetic bias, by Yaplee et al. [1971] , used a 10-GHz radar on the Chesapeake Bay Light Tower about 15 miles (24 km) east of Virginia Beach. The radar transmitted 1-ns pulses and recorded the distance to the water surface and the reflectivity of the surface at the same time that the wave height was independently recorded by three wave poles surrounding the area observed by the radar. An analysis of the observations, reported by Jackson [1979] , showed that radar reflectivity increased nearly linearly from the wave crest to the trough and the electromagnetic bias was 5% of significant wave height.
Later studies used airborne radars for profiling the radar reflectivity at nadir at the same time that the wave height was measured either by the radar or by a laser profilometer [Walsh et al., 1984; Choy et al., 1984; Hoge et al., 1984] . The results of these studies indicated that (1) electromagnetic bias was a function of frequency, being roughly -3.3 -+ 1.0% of significant wave height at 10 GHz, -1.1 _+ 0.4% at 36 GHz, and 1.4 _+ 0.8% for ultraviolet light, (2) bias at 10 GHz ranged from 1% to 5% of significant wave height, and (3) the variability in the bias was apparently unpredictable, being only weakly correlated with variations of wavelength, wave slope, skewness and kurtosis of sea surface elevation, and wind speed. It is not clear how much of the variability of electromagnetic bias measured in these experiments was real and how much was due to experimental error such as aircraft motion or distortion of the airflow around towers. The lack of correlation with any variable other than wave height and the difference in measured values for nearly identical conditions cast some doubt on the results.
Satellite Observations of Electromagnetic Bias
Satellite altimeter measurements of the temporal variability of sea level have also been used for determining electromagnetic bias. Because satellite measurements include both electromagnetic bias and instrumental errors induced by waves, the studies are less direct than those based on data from surface experiments. They do, however, place bounds on the magnitude of the error. In conclusion, the analyses of satellite altimeter data lead to an estimate of electromagnetic bias that is about 2-4% of significant wave height, but the result is not conclusive.
Theoretical Basis of Electromagnetic Bias
The inconclusive and sometimes inconsistent results of the analyses of satellite and aircraft radar observations of the electromagnetic bias are not clarified by an appeal to theory. Using the approximations of physical optics, Barrick [1968, 1972] showed that a radar pulse incident on the sea surface at angles close to vertical is reflected by mirrorlike facets that are randomly scattered over the sea surface within the field of view of the radar and are oriented perpendicular to the radar beam. The theory gives the reflectivity of each facet, and if the number of facets is known, the vector sum of the reflection from all facets gives the reflectivity of the surface. Jackson [1979] and Barrick and Lipa [1985] calculated the distributions of facets over the sea surface from the joint probability density of wave slope and elevation evaluated for zero slope in two horizontal dimensions. The distribution was calculated with partial success from the theory for the statistics of nonlinear waves using second-and third-order moments of the sea surface elevation [Barrick and Lipa, 1985; Srokosz, 1986 ] together with a model for the spectrum of sea surface elevation such as the JONSWAP (Joint North Sea Wave Project) model. Using this distribution, Barrick and Lipa [1985] calculated an electromagnetic bias of 2-3% of significant wave height for heights of 1.0-5.0 m with an uncertainty of at least 20% for the estimate of electromagnetic bias. They implicitly assumed a weak dependence on radio frequency because their theory assumed that waves shorter than some fraction of a radio wavelength do not contribute to the scatter, an assumption consistent with the results of Tyler [ 1976] . The basis for the assumption was that the sea surface appears to be smooth (mirrodike) even if it has small irregularities, provided that the wavelength of the irregularities is small enough.
Despite the apparent success of the theory, important diflSculties remain. First, the theory for nonlinear waves assumed that the wave system conserved energy. Wave breaking and the growth of waves by the wind were both avoided to simplify the analysis. Yet wind blowing over long waves is known to change the distribution of short waves on long waves, producing part of the modulation of radar reflectivity which allows synthetic aperture radars to image long waves [Weissman and Johnson, 1986] . Second, the analysis assumed that certain integrals in the analysis could be truncated at an arbitrary upper bound to ensure convergence. The upper bound for wavelengths contributing to the integrals was assumed to be some multiple of the radar wavelength, although the exact relationship between smoothness of the wave facet and the wavelengths of the short waves on the facet is not precise. Third, the theory predicts that the bias should be a function of wave skewness because both skewness and bias are directly related to the nonlinearity of the wave field and vanish for linear waves.
Hence this result conflicts with the direct measurements of the bias which showed that it was nearly independent of skewness.
Summary of Previous Work
Direct observations of electromagnetic bias ranged from 1% to 5% of significant wave height, and the variability of the bias was only weakly correlated with other variables describing the sea state. Analyses of satellite data indicate that the bias is less than 5% of significant wave height and that it is around 2-4% of wave height. The theory for electromagnetic bias gives a bias of 2-3% of wave height, but various assumptions used in deriving the results are questionable.
Barrick and The usefulness and reliability of the measurements reported here were strengthened by intercomparison among measurements of the same variable made by the different equipment described above. The intercomparisons led to the identification of outliers (measurements with large errors), which were removed from the data set. For example, we investigated the influence of the platform on wind speed at the water surface near the area illuminated by the scatterometer by plotting wind speed from the sonic anemometer, Us, minus wind speed at 42 m, U42, as a function of wind direction. We found unexpected differences only for a narrow range of wind directions near 220 ø , consistent with being in the wake of the nearest leg of the platform. These data were not used in the following analyses.
The digital data acquisition system sampled one channel of the scatterometer, the IR wave gage, and the environmental instruments at 60 Hz. Data were processed in real time to produce 10-min averages of backscattered power rr m, significant wave height H1/3, electromagnetic bias B, wind speed U42, wind direction, air temperature Ta, sea temperature Ts, and relative humidity H. Raw data were also recorded on an eight track analog tape recorder with a bandwidth of 625 Hz. The analog tapes were later digitized at 1 kHz, and hourly averages of the observations were computed and compared with averages over six continuous 10-min averages of data processed in real time. No significant differences were Our measurement of the sensitivity of dimensionless bias to wind speed was nearly the same as that calculated from the data in Table 2 
